Performance of asymmetrically clipped optical OFDM and DC-biased optical OFDM based on fast Fourier transform/discrete Hartley transform for powerline communication-visible light communication systems under impulsive noise by Mapfumo, Irvine
COPYRIGHT AND CITATION CONSIDERATIONS FOR THIS THESIS/ DISSERTATION 
o Attribution — You must give appropriate credit, provide a link to the license, and indicate if
changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use.
o NonCommercial — You may not use the material for commercial purposes.
o ShareAlike — If you remix, transform, or build upon the material, you must distribute your
contributions under the same license as the original.
How to cite this thesis 
Surname, Initial(s). (2012). Title of the thesis or dissertation (Doctoral Thesis / Master’s 
Dissertation). Johannesburg: University of Johannesburg. Available from: 
http://hdl.handle.net/102000/0002 (Accessed: 22 August 2017).    
Performance of asymmetrically clipped optical OFDM and 
DC-biased optical OFDM based on fast Fourier 
transform/discrete Hartley transform for powerline 
communication-visible light communication systems under 
impulsive noise 
by 
 IRVINE MAPFUMO 
A Master’s Research Dissertation submitted to the Faculty of 
Engineering and the Built Environment in the fulfilment of the 
requirements for the degree of 
MASTER 
 in 
ELECTRICAL AND ELECTRONIC ENGINEERING SCIENCE 
at the 
 UNIVERSITY OF JOHANNESBURG 
supervised by 
PROF. T. SHONGWE 
17 September, 2020 
ii 
Declaration 
I, Irvine Mapfumo, hereby declare that this is my own original work and any information 
derived from other sources to support this research work has been duly acknowledged and 
referenced. This dissertation has not been submitted elsewhere for the award of any Degree or 
academic qualification at any institution other than the University of Johannesburg. 







Hybrid PLC-VLC systems have generated a lot of research attention lately due to high data 
speeds and low implementation costs they offer. Owing to the increased number of devices 
connected to the internet, there has been an abrupt rise of data congestion in the RF spectrum, 
hence there is need to relieve it to allow high speed data communication access. Research 
output has provided evidence that PLC and VLC technologies can be integrated successfully 
to provide an alternate and cost-effective solution to relieve the RF spectrum.  
In this dissertation, the Hartley transform is used to utilized in the implementation of a hybrid 
PLC-VLC system based on ACO/DCO-OFDM scheme. Hybrid PLC-VLC systems 
implemented via the conventional Fourier transform require the Hermitian symmetry at the 
transmitter, which increases the complexity of the system design.  In this work, we propose to 
replace the Fourier transform with the Hartley transform, which simplifies the hybrid PLC-
VLC system design since the Hartley transform discards the need for the Hermitian symmetry 
at the transmitter. The proposed system performance simulated results are presented, analysed 
and are compared to the performance of a hybrid PLC-VLC systems implemented via the 
Fourier transform. In this work, the BPSK modulation scheme is used to modulate individual 
subcarriers. Impulsive noise and background noise modelled as AWGN are the two noise types 
utilised to corrupt the OFDM signal. A modified-nulling technique is proposed to combat the 
effect of impulsive noise in the channel. From the simulation results, it was observed that the 
DHT based DCO-OFDM system performs virtually like the FT based DCO-OFDM system 
while the DHT based ACO-OFDM outperforms the FT based ACO-OFDM by a margin of 
3dB. 
Also presented is a BER performance comparison of ACO-OFDM and DCO-OFDM systems 
in a hybrid PLC-VLC system based on the Hartley transform. From simulation results, it was 
observed that the DHT based DCO-OFDM outperforms the DHT based ACO-OFDM by a 
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Power Line Communication (PLC) is a data communication technology that takes advantage 
of the already existing power lines as its transmission medium. PLC technology first emerged 
in the 1918’s with further studies carried out in the 1930’s [1]. Recently, there has been a huge 
demand of high-speed data connection which has resulted in data traffic jamming in the radio 
frequency spectrum (RF). As a result, researchers have been working on ideas of how to relieve 
data congestion in the RF spectrum. PLC is one of the technologies that emerged as a candidate 
solution to relieve the RF spectrum [2]. Applications of PLC include inter-building 
communication, smart grid monitoring and home automation [3]. PLC is a considerable 
alternative for broadband internet access due to its cheap installation cost, ability to transmit 
data and electrical power simultaneously, and enable communication to hard-to-reach nodes 
where radio signal suffers inescapable attenuation [4].  
Another technology that has emerged as a competitor or alternative to the existing 
communication systems is the Visible Light Communication (VLC) technology. VLC is a data 
communication technology that utilises Light Emitting Diodes (LEDs) as the transmitter, the 
air as the transmission medium and photodiodes as the data receiver. VLC systems present a 
licence-free spectrum, low installations costs and save energy due to their capability to transmit 
data and provide illumination, concurrently [5]. VLC systems proffer some fascinating 
attributes that are distinctive to the existing communication systems. Opaque walls give extra 
data security in VLC systems since light cannot penetrate through solid obstacles [6]. In 
addition, VLC systems can broadcast over a wide area, larger bandwidth than RF and can be 
appended to an already existing communication network without initiating high levels of 
interference [6]. 
Despite the notable advantages possessed by the PLC and VLC technologies, the two systems 
possess their own fragilities that can be addressed by cascading these two communication 
systems. PLC systems suffer from shielding effect and they restrain mobility of the end user, 
due to the fact that the power lines were designed for electricity transmission without regarding 
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the possibility of their application in data communication as a transmission medium [7]. On 
the other hand, VLC systems suffer from interference due to the surrounding light sources, and 
they require the transmitter and the receiver to have a line-of-sight, otherwise communication 
is impracticable. Research work has indicated that PLC and VLC systems can be cascaded to 
form a more robust communication system with high data speeds [8-10], where the PLC system 
serves as the keystone of the hybrid system to ensure that the VLC system does not become an 
isolated island of information. Thus, the VLC system receives data and power from the electrical 
cables supplying it [12].  
When dealing with cascaded systems, it is important to address the types of disturbances that 
compromise the performance of each individual system before solving the amalgamated 
interference caused by cascading them together. Modelling a PLC channel has proved to be a 
difficult task as it suffers from very harsh conditions due to different types of noise which 
include Added White Gaussian Noise (AWGN), Narrowband interference (NBI) and impulsive 
noise. Hybrid PLC-VLC systems have gained a considerable amount of research attention from 
academia and industry alike. Already, different methodologies have been proposed in literature 
[9-11] to cascade the PLC and VLC technologies, where most of the hybrid systems were 
implemented via the Fourier transform in the presence of AWGN and impulsive noise. 
Although the integrated PLC-VLC systems offer more benefits than the individual systems, 
there are some negative aspects regarding these cascaded systems. For example, in such 
layouts, there are very high levels of dependency of one system on another, if one systems fail, 
the whole system breaks down and also, there is high risk of double attenuations of the received 
Orthogonal Frequency Division Multiplexing (OFDM) signal in systems of this nature [13].  
1.2. Research contribution 
 
Research investigations have indicated that hybrid PLC-VLC systems are a promising solution 
to reduce data congestion in the RF spectrum due to the increase in number of devices that 
require data connection. This has prompted researchers to put more effort in finding acceptable 
and economical solutions to match with the exponentially increasing high speed data demands. 
In order to successfully cascade the PLC and VLC systems, it is required that the OFDM signal 
forwarded to the VLC channel is real-valued and unipolar-positive. This is because VLC 
systems utilise the intensity modulation/direct detection (IM/DD) optical OFDM technology 
which modulates light intensity from the LEDs, thus, light intensity cannot be negative. Work 
in [9] presented a hybrid PLC-VLC systems based on DC biased Optical-Orthogonal 
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Frequency Division Multiplexing (DCO-OFDM) in impulsive noise, implemented via the 
Fourier transform coupled to the Hermitian symmetry in the transmitter to ensure that the 
output signal of the inverse fast Fourier transform (IFFT) block is real-valued. Authors in [10] 
designed a hybrid PLC-VLC system based on Asymmetrically Clipped Optical- Orthogonal 
Frequency Division Multiplexing (ACO-OFDM) in impulsive noise and analysed its bit error 
rate vs signal to noise ratio (BER vs SNR) performance under different channel scenarios. 
Authors in [14] replaced the FFT with the DHT in a hybrid PLC-VLC system in AWGN, 
thereby simplifying the system design by discarding the need for the Hermitian symmetry since 
the Hartley transform is a real-valued transform that inputs and outputs real-valued data. 
However, there has been no investigation on the DCO/ACO-OFDM hybrid PLC-VLC system 
based on the Hartley transform in a channel corrupted with AWGN and impulsive noise. 
This dissertation contributes valuable information to the pool of knowledge in the field of 
telecommunication technologies, paying much concentration on the design of the DCO/ACO-
OFDM hybrid PLC-VLC system implemented via the Hartley transform in a channel 
contaminated with AWGN and impulsive noise. Binary phase shift keying (BPSK) will be used 
to modulate individual subcarriers since the Hartley transform accepts real-valued input data 
in order to output real-valued data. To combat the effects of impulsive noise generated in the 
PLC channel, the Modified-nulling technique is applied. As stated earlier, it is a requirement 
for the input signal to the VLC channel unipolar. To address this issue in DCO-OFDM based 
hybrid PLC-VLC system, a DC bias is applied to shift the negative symbols to be positive, 
otherwise the remaining negative symbols are clipped to zero. In ACO-OFDM based hybrid 
PLC-VLC system, the OFDM signal is made unipolar by transmitting effective data on odd 
subcarriers only while the negative symbols are clipped to zero. Moreover, the performance of 
the Hartley transform based hybrid PLC-VLC system is evaluated through BER vs SNR 
simulations. Finally, the performance of the Hartley transform is compared to the Fourier 
transform based hybrid PLC-VLC system by analysing each system’s BER. 
1.3. Dissertation organization 
 
The dissertation organisation is as follows: 
Chapter 2 covers an overview of the existing hybrid PLC-VLC systems and all aspects 
considered in the designing of the proposed hybrid PLC-VLC system. Considerable amount of 
attention is payed to the BPSK modulation scheme applied to modulate individual subcarriers, 
the two IM/DD optical OFDM system utilised in the system design and noise models used to 
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corrupt the transmitted data in the cascaded system. Aspects of the Hartley transform and how 
it contributes to the system design simplification will also be addressed in this chapter. 
Chapter 3 presents the proposed systematic block diagram of the hybrid PLC-VLC system 
based on DCO-OFDM implemented via the Hartley transform in impulsive noise. A detailed 
discussion on the signal processing in the proposed system design will be presented. 
Afterwards, the system performance is investigated under different channel conditions through 
simulation of BER vs SNR curves, where the objective is to determine the optimum parameters 
to give the best system performance. 
In Chapter 4, a systematic block diagram of the hybrid PLC-VLC system based on ACO-
OFDM implemented via the Hartley transform in impulsive noise is presented. This chapter 
provides signal analysis of the proposed system and simulation results obtained will also be 
discussed in detail. 
Chapter 5 compares the overall performance of the existing Fourier Transform based hybrid 
PLC-VLC systems proposed by [9, 10] to the new Hartley transform based hybrid PLC-VLC 
systems. The comparison is based on several key factors which are; spectral efficiency, signal 
processing, system design complexity, and BER performance. The overall performance of the 
DCO-OFDM is compared to the ACO-OFDM hybrid PLC-VLC system implemented via the 

















2.1 Introduction to Power Line Communication 
 
Electrical power lines were originally designed to transmit electrical power from substations 
to consumers, but that has changed over the past few years. Power lines have recently been 
exploited for data communication purposes, which has been largely fuelled by the exceptional 
growth of the internet and need to relieve the overwhelmed RF spectrum due to the increased 
connectivity among devices [15]. The demand for PLC technology is skyrocketing due to its 
low installation costs since there is no need to install new wires in infrastructures, it utilises the 
already existing power cable wiring for both data and electrical power transmission. A few 
studies have been undertaken to exploit how PLC technology can be utilised to the benefit of 
mankind. PLC technology has been considered for use in indoor and inter-building data 
communication [2]. Studies in [16] show how the PLC technology can be used to transmit and 
radiate 2.45 GHz Wi-Fi signals over a large distance where line-of-sight is obscured. Owing to 
the emergence of internet-of-things (IoT), the designing of smart homes has been on the rise 
recently, which has attracted a lot of research attention on how PLC systems can be integrated 
to simplify such designs. Figure 2.1 shows a schematic diagram of a PLC system for indoors 
data communication. 
 
Figure 2. 1  Model of an indoor PLC system. 
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Authors in [17] presented a home automation architecture based on the PLC technology, and 
further focused on improvement of security system protocols. Other applications of PLC 
technology include but not limited to smart grids metering [18], smart street lights [19], and 
inter-building networking. 
2.2 Introduction to Visible Light Communication 
 
Another data communication technology that has drawn a considerable amount research 
attention is the Visible light communication. Not only does it transmit and receive data, but it 
provides illumination as well, making it a suitable competitor to the already existing 
communication systems. VLC technology takes advantage of the already widely used LEDs to 
reduce installation costs as well as saving extra electrical energy [20] which is required in RF 
communication. The RF spectrum suffers from low bandwidth and electromagnetic 
interference [21], this challenge can be resolved by designing VLC systems which possesses 
large and unlicensed bandwidth. Research has provided evidence that the VLC technology 
offers high bit rate of up to 3.4 Gb/s [22]. According to research, applications of the VLC 
technology include broadband internet access [23], vehicle to vehicle communication [24], 
biomedical data transmission in places like hospitals where electromagnetic interference (EMI) 
is considered hazardous [25], underwater communication [26]. Figure 2.2 shows a systematic 
diagram of a VLC system implemented for indoor data communication purposes. 
 
Figure 2. 2  Model of an indoor VLC system. 
Although the VLC technology provides a practical solution for data transmission, it has its own 
draw backs that comes with its implementation. VLC suffers from interference from 
surrounding light sources as well as interference between the VLC devices, and VLC is 
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constrained to short-range communication since the visible light spectrum uses high 
frequencies (400-700THz) [27]. 
2.3. Hybrid PLC-VLC systems 
 
In order to curb the limitations of application of the PLC and VLC technologies, the two 
technologies can be integrated to form hybrid PLC-VLC systems [1, 9, 10, 13, 57-58]. There 
has been a growing interest in this research area such that several studies have presented on 
how these hybrid systems can be achieved [28-30]. As stated earlier, both technologies are 
motivated by the nature of the infrastructure involved as well as the recent advancement 
towards a smart world, which is an added advantage in the implementation of hybrid PLC-
VLC systems. When cascading two or more communication systems, it is imperative to study 
the characteristic of each system involved to be able to meet the requirements of each system, 
in order to successfully integrate them. VLC technology modulates data based on the light 
intensity of the signal, which implies that data transmitted to the VLC channel from the PLC 
channel should be positive, since light intensity cannot be negative [31]. Another interesting 
aspect leading to the simplification of the design of hybrid PLC-VLC system is that both 
technologies are compatible with OFDM. OFDM modulation technique plays an important role 
in hybrid VLC systems to overcome Inter-symbol interference (ISI) and is resilient to selective 
fading [32] to achieve a robust communication system. Figure 2.3 shows a model of a hybrid 
PLC-VLC system utilised for indoor communication. 
 
 
Figure 2. 3 Model of an indoor hybrid PLC-VLC system. 
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2.3.1. Introduction to OFDM 
 
OFDM is a special multicarrier modulation scheme in which a wide-band channel is subdivided 
into a number of narrowband channels mathematically orthogonal to each other, to provide 
high data rates as well combating multipath fading [33-34]. The OFDM modulation technique 
has become popular and has been adopted by numerous standards such as IEEE 802.11a, 
Digital Audio Broadcast (DAB), and IEEE 802.20 [35] to name a few. Multicarrier systems 
provide inherent benefits when compared to single carrier systems. For example, interference 
in a multicarrier system only affects few subcarriers, while it affects the whole link in single 
carrier systems [36]. Other notable advantages of OFDM include the effective use of the 
bandwidth by overlapping symbols and it provides protection against narrow-band interference 
and crosstalk [37]. Adversely, OFDM suffers from peak-to-average power ratio (PAPR) [38] 
where the large peaks lead to power amplifier saturation. In addition, OFDM is tremendously 
sensitive to the Doppler effect [39]. 
Optical OFDM systems exists in two forms which are Coherent Detection OFDM (CD-OFDM) 
and Direct Detection OFDM (DD-OFDM). DD-OFDM is more adopted in optical systems 
owing to its low cost and portable packaging [40]. According to [41,42], OFDM is suitably 
implemented through the utilization of IFFT and FFT operations. In such systems, the IFFT 
and FFT blocks modulate and demodulate data constellations on orthogonal subcarriers. Figure 
2.4 illustrates the OFDM model based on the FFT. 
 
Figure 2. 4 Block diagram of a generic OFDM system. 
2.3.2. Description of the OFDM block diagram 
 
In Figure 2.4, binary data is generated and mapped to corresponding constellations based on 
the mapping modulation scheme applied which can be phase shift keying (PSK) or quadrature 
amplitude modulation (QAM) [43-44]. The next stage involves converting the phase shift 
keyed or quadrature amplitude modulated signal from series to parallel form. Series to parallel 
conversion plays a major role in OFDM. Converting the data to parallel transmission offers 
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much higher data speeds since data flows through multiple lines simultaneously [45], in 
contrary to series transmission which offers single line transmission resulting in slower speeds. 
Parallel data transmission is widely used in situation where higher data rates are of utmost 
important, for example, in video streaming. Afterwards, the parallel data is fed to an IFFT block 
which modulates the parallel data constellations on the orthogonal subcarriers. Parallel to serial 
conversion is then performed on the resulting complex output of the IFFT block. A copy of the 
last part of the OFDM signal, called a cyclic prefix, is appended on the signal to make the 
system robust and combat inter-symbol interference [46]. Digital to analogue (DAC) 
conversion is then performed on the resulting OFDM signal where it then transmitted over the 
channel. The receiver side operates in reverse to the transmitter side. The signal is then 
converted to a digital signal using analogue to digital (ADC) technology and the cyclic prefix 
gets removed. Afterwards, the signal is parallelized and fed to the FFT block for demodulation. 
The FFT output signal is then serialized and send to a PSK or QAM detection module, where 
it is de-mapped for data recovery to complete the process. 
2.3.3. BPSK mapping 
 
Of much interest in this research work is the BPSK scheme, also known as 2-PSK, is the 
simplest version of PSK modulation. The BPSK modulation scheme conveys data through the 
manipulation of the phase of the carrier wave. In BPSK, each symbol carries 1 bit, where the 
0’s and 1’s in the binary message are represented by two phase states 0˚ and 180˚, respectively.  
BPSK offers high immunity to noise in the channel as well as providing reasonable BER when 
transmitting relatively low energy signals [86]. In the BPSK scheme, the real-valued signal is 
expressed as a sum of two signals in quadrature, namely I and Q spaces. The amplitudes of the 
I and Q can be thought of as the x and y components of the signal, and can be quantified as 
follows 
( ) ( )  amplitudeI symbol expression os phasec=                                                                                          (2.1) 
( ) ( )  amplitudeQ symbol expression in phases= .                                                                                         (2.2) 
From (2.1), the first symbol amplitude is I = 1 since cos (0) = 1 and I = − 1 for the second 
symbol since cos (180) = − 1. In (2.2), the amplitude of Q = 0 for both phases since sin (0) = 
cos (0) = 0. Table 2.1 illustrates the rules observed when using the BPSK scheme. 
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  Table 2. 1 BPSK mapping procedure using cosine signals [86]. 
Symbol Bit Expression I Q 
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To derive the expressions in Table 2.1, the carrier frequency fc is set to 1. Thus, the expression 
of the BPSK wave form is expressed as 
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where 0E  and 1E  represent the energy of bit 0 and bit 1, respectively. The BPSK BER is given 










where bE  is the bit energy and 0N  is the AWGN spectral density.  
2.4. OFDM for optical communications  
 
Optical communication has become a major force to reckon with in the modern-day 
communication technology owing to the vast amount of bandwidth available in the visible light 
spectrum [47]. In recent years, several researchers have provided evidence that OFDM is an 
encouraging technology for optical OFDM communications [48-50]. 
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In the conventional OFDM systems, data is transmitted on the electrical field and is bipolar 
and complex. In contrast, data transmitted in optical OFDM systems is passed through an 
electrical to optical converter, the information is required to be positive and real-valued since 
data is carried on the intensity of the optical signal, which cannot be negative or complex [51]. 
To ensure that the OFDM signal generated is real-valued, the Hermitian symmetry is coupled 
to the IFFT block to obtain a real-valued IFFT output. This technique goes back to the 
properties of the Fourier transform that a Hermitian symmetric complex signal in frequency 
domain is given by a real signal in the time domain, hence the Hermitian symmetry is utilised 
just before the IFFT block [52].  
Research work published lately has shed some light on how optical OFDM system can be 
applied in real world through its use in VLC systems [53], free-space optical communication 
systems [54], and all the way to its utilization in optical fibre communication [55]. Research 
output has also shown that optical OFDM plays a key role in the design and implementation of 
hybrid PLC-VLC systems. According to [13,56], hybrid PLC-VLC systems can substantially 
enhance the performance of data communication for indoor applications. Authors in [57] 
presented an integrated PLC-VLC system for low-cost indoor broadband data transmission 
which exploits the omnipresent power cables for driving the LEDs as well as serving as a 
communication medium. The proposed system main features include the achievement of better 
network coverage as well as reducing system complexity. The test results obtained in [57] 
confirmed that the integration of the PLC and VLC technologies is feasible. The authors of 
[30] proposed a cascaded PLC-VLC system by utilising OFDM and colour shift keying (CSK) 
techniques. The cascaded system used the PLC as the backbone of the VLC channel. Their 
results obtained through simulation of BER curves provided evidence that data can be 
transmitted between the two channels successfully. In [58], a cascaded hybrid PLC-VLC 
system is presented where the authors investigated the performance of four pilot-based channel 
estimation algorithms. They observed that the Singular Value Decomposition (SVD) working 
in tandem with linear interpolation produced the best performance. Further work on hybrid 
PLC-VLC systems is covered in [59-61], and all results suggest that the two technologies 






2.5. The Hartley transform 
 
Most of the research work on hybrid PLC-VLC systems presented in literature is based on the 
discrete multitone modulation (DMT). DMT utilises the IFFT/FFT pair for modulation and 
demodulation of the OFDM subcarriers [62]. The motive of the DMT is centred on the splitting 
of the available frequency spectrum into multiple sub-channel which are orthogonal to each 
other [63]. This technique sanctions easy data transmission and reception while maximising 
the throughput of each sub-channel hence an increase in the bit rate. However, the Fourier 
transform introduces computational complexities in the system due to the involvement of 
complex data, so a more efficient transform (Hartley transform) to address this issue was 
presented in [14] for an optical OFDM system in AWGN. Initial work [64] provided critical 
evidence in support that the Hartley transform offers faster computational speeds, concluding 
that this transform is more efficient and is a suitable candidate to replace the Fourier transform 
in its utilization in signal processing and in other similar fields. In [65], a VLC system 
implemented using the Hartley transform to replace the Fourier transform was proposed and 
real constellations like pulse amplitude modulation (PAM) and BPSK were deployed. Figure 
2.5 illustrates a block diagram of an optical OFDM system implemented via the Hartley 
transform. 
 
Figure 2. 5 Block diagram of a DHT based optical OFDM system. 
The Hartley transform is a real valued transform that inputs real-valued data and outputs real-
valued data. Assume N real symbols, the corresponding N-point IDHT output for an input 
signal H(k) is given in [14] as, 
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=  , for k = 0 ,1, 2, … ,N-1,                       (2.4)                                                                         
The coefficient of the IDHT and DHT equations is selected to be   1 / N  to satisfy the self-
inverse property [66]. It can be observed from (2.3) and (2.4) that the reverse and forward 
transforms of the Hartley are identical. In addition, the computations output real-valued data 
symbols when the input values are real-valued, hence reducing the complexity of the system 
that uses such approach. Thus, there is no need of the Hermitian symmetry to ensure real-
valued outputs in the case the Hartley transform is chosen over the Fourier transform. 
According to authors of [67], the Hartley transform can be derived from the discrete Fourier 
transform. From the basic principles of the Fourier transform, the discrete fourier transform 
(DFT) transforms a real number sequence from time domain to a sequence of complex data in 
the frequency domain. However, half of the output data presented in the frequency domain 
provide some redundancy since the data in the non-positive frequencies is repeated in the 
positive frequencies. The Hartley transform is viewed as an algorithm that discards the 
redundancy presented in the Fourier domain by the relation [67], 
     
1
( ) ( ( )) - ( ( )) ,H F FH k real H k imag H k
N
=                                                (2.5)                                                                        
where N is the FFT size, HH(k) represent the Hartley transform output sequence and HF(k) is 
the Fourier transform of the same sequence. From (2.5), it can be clearly seen that the Hartley 




2.6. Optical OFDM systems for IM/DD channel 
 
In conventional RF OFDM systems, the transmitted data is bipolar and complex in nature. In 
contrast, IM/DD systems require the transmitted information to be positive and real-valued 
since light intensity cannot be negative nor complex. Thus, to successfully cascade the PLC 
and VLC technologies, necessary modifications should be made to ensure that the data 
transmitted to the VLC channel is positive and real-valued. Previously, it was indicated that in 
DMT-OFDM systems, the signal is made to be real-valued through the utilization of the 
Hermitian symmetry coupled to the IFFT block. Figure 2.6 shows a block diagram of a IM/DD 
optical OFDM system. 
 
Figure 2. 6 Block diagram of a generic IM/DD optical system [83]. 
In reference to Figure 2.6, electrical modulation is imposed on the input data to produce an 
electrical signal d(t), which can be current or voltage. The optical modulation imposed on the 
electrical signal d(t) generates an optical intensity signal ( )d t . The optical direct detector 
converts the optical signal r(t) back to an electrical signal ( )r t , which is then corrupted with 
background noise to give a signal 
^
( )d t . The data is then recovered from the noisy electrical 
signal 
^
( )d t using a filter.  
Instead of using the Fourier transform, this dissertation investigates the effect of the utilization 
of the Hartley transform to replace the FFT in hybrid PLC-VLC systems in impulsive noise. 
By using the Hartley transform, the need of the Hermitian symmetry is discarded since the 
Hartley transform inputs and outputs real-valued data, hence simplifying the system design. In 
addition, it is required that the transmitted data should also be positive. According to [68], the 
most popular among plenty schemes to effectively generate positive signals are DC biasing 
Optical OFDM (DCO-OFDM) and Asymmetrically Clipped Optical OFDM (ACO-OFDM). 
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The proposed ACO/DCO-OFDM systems for the implementation of a hybrid PLC-VLC 
system based on the discrete Hartley Transform are discussed in the following sections. 
2.6.1. DC biased optical OFDM systems 
 
DCO-OFDM is a technique or approach used to generate a positive signal from a real-valued 
signal by imposing an optimum DC bias on an OFDM signal. In DCO-OFDM, a DC bias is 
added to the incoming sequence of bipolar real data samples and shifts almost all of them to be 
positive except a few which are then clipped to zero. Applying a very high DC bias to the signal 
will shift all the negative samples to be positive, however, this will increase the optical power 
required by the system leading to low power efficiency. In contrast, if a very low DC bias value 
is applied to the sequence of real samples, most of the negative symbols will remain negative, 
and get clipped to zero, introducing clipping noise. As a result of this clipping noise, the system 
performance is affected. In a nutshell, an optimum DC bias value should be chosen in such a 
way that the DC bias should be equal to the absolute maximum negative amplitude of the real 
signal s(n) [9]. Figure 2.7 shows a block diagram of a DCO-OFDM based hybrid PLC-VLC 
system proposed in [9]. 
 
Figure 2. 7 Hybrid PLC-VLC system based on DMT DCO-OFDM [9]. 
 
The Hermitian symmetry is imposed on the incoming data to ensure that the signal s(n) is 
real-valued. A complex valued sequence in frequency domain of the form
0 1 2 1( ) [ ( ), ( ), ( ),..., ( )]NX k X k X k X k X k−= , 
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 goes through the Hermitian symmetry block to produce a signal frequency domain signal of 
form 
1 2 / 2 1 / 2 1 2 1
* * *( ) [0, ( ), ( ),..., ( ),0, ( )... ( ), ( )]N NX k X k X k X k X k X k X k− −= ,                      (2.6)   
where X is input data with a Hermitian symmetry arrangement. All samples in (2.6) carry 
effective data except for  0 / 2( ) ( ) 0NX k X k= = , which are clipped to zero due to the utilization 
of the Hermitian symmetry. The Hermitian symmetry property is expressed as 
-  * ,    0 / 2.m N mX X for m N=    When IFFT is performed on the Hermitian constrained 
signal in (2.6), the result is a real-valued time domain signal s(n), all complex values are 
discarded. The real-valued signal is then corrupted with AWGN and Impulsive noise. To ensure 
that the signal to be transmitted to the VLC channel is positive, a DC bias is added to the signal 
to shift the negative samples to be positive. To avert the utilization of unrestricted DC bias, the 
chosen DC bias is guided by the relation 
2
 DCB = , 
where is the clipping factor and 2 represent the variance of the signal s(n). As a result of the 
addition of a DC bias to a signal ( )x n , the signal is offset by a corresponding DC bias level of  
( )210( )  10  1DC dB log = + . 
The resulting optical OFDM signal after the addition of a DC bias is represented as 
( )( ( )) DC DCPLC VLC cx n x B n Bn− = + + , 
where ( )c DCn B  is the clipping noise. The clipping noise is generated from data samples that 
remain negative after DC biasing and gets clipped to zero. It should be noted that the clipping 
noise goes to zero as the DC bias is increased, thus the resulting optical OFDM signal take the 
form  
( ) .DC DCB x Bnx = +  
The process of generating positive data symbols using DCO-OFDM scheme is depicted in 
Figure 2.8(a), (b) and (c), i.e. before and after DC biasing as well as after nulling. A sequence 
of N = 64 samples has been chosen for clarity. Not all data samples are shifted to be positive 
after DC biasing as shown in Figure 2.8(b). The few remaining negative samples are after DC 
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biasing are clipped to zero to ensure that all samples are positive before transmitting the data 
samples to the VLC channel as shown in Figure 2.8(c). 
 
 Figure 2. 8(a) Data samples before DC biasing. 
 




Figure 2. 10(c) Data samples after clipping. 
The remaining negative data samples in Figure 2.8(b) after DC biasing are then nulled via the 
nulling technique as shown in Figure 2.8(c). The data symbols that are nulled through the 
nulling technique are marked in red.   
2.6.2. Asymmetrically clipped optical OFDM systems 
 
According to [9,69], DCO-OFDM is considered inefficient in terms of the power required by 
the optical system due to the addition of a DC bias to the OFDM signal which results in raising 
the mean optical power of the system. An alternative method to generate real-valued data 
symbols while retaining the properties of OFDM called ACO-OFDM is presented in [10,69]. 
ACO-OFDM is a non-DC biased optical OFDM system that generates real-valued data. ACO-
OFDM offers high energy efficiency, unlike in DCO-OFDM, at the expense of spectral 
efficiency [69]. In ACO-OFDM, only odd subcarriers modulate the effective data symbols, 
while even subcarriers are used to bias the OFDM signal. The negative data symbols are clipped 
to zero without any loss of information since the time domain symbols possess antisymmetric 
property [70]. Figure 2.9 illustrates the block diagram of an ACO-OFDM based hybrid PLC-




Figure 2. 11 Hybrid PLC-VLC system based on DMT ACO-OFDM [10]. 
 
The effective data carried on odd subcarriers is represented using the following expression 
1H*( ) ,    
( )
0,    ,
Nk when k is odd
X k





The resulting unipolar signal after ACO negative nulling to generate a sequence of positive 
data samples is represented by 
( ),  ( )>0
0, ( ) 0.
PLC VLC








The concept of generating a sequence of positive ACO-OFDM data samples is illustrated in 
Figures 2.10(a) and 2.10(b), before and after ACO clipping, respectively. 
 




Figure 2. 13(b) Data samples after ACO nulling. 
 
The data samples in Figure 2.10(b) after ACO negative nulling are either zero or positive 
values, all the negative samples have been clipped to zero and the samples can be transmitted 
to the VLC channel. The data samples nulled by the nulling technique are indicated by red 
marks in Figure 2.10(b). Research in [70] has shown that if data is carried on odd subcarriers 
only, the clipping noise falls only on the even subcarriers which do not carry data, thus, data 
on odd subcarriers is recovered without any loss of information.  
In ACO-OFDM, the clipping noise affects even subcarriers only which are then discarded, and 
data is recovered on odd subcarriers. The resulting constellation points amplitude is half of the 
original. It was shown in [70] that in an optical OFDM system implemented via the Fourier 
transform, the clipping noise falls on even subcarriers and the data recovered from the odd 
subcarriers has half the amplitude of the original data. This can also be proved for the proposed 
Hybrid PLC-VLC system that utilises the Hartley transform instead of the conventional Fourier 
transform. Using Figure 2.5 as reference, if data is transmitted on odd subcarriers only via the 
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To simplify the expression in (2.10), the following identities can be applied, 
( )sin sin cos cos sin
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When ACO-OFDM is applied, only odd subcarriers are utilised to carry data, therefore, when 
k is odd, ( 1) 1
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From the results in (2.13), a conclusion can be drawn that the time domain signal is real-valued 
and possesses an antisymmetric property as anticipated. ACO-OFDM systems possess a special 
feature of clipping negative data samples to zero to generate a unipolar signal which can be 
transmitted to a VLC channel. Clipping negative samples produces clipping noise which falls 
on even data samples. The clipped signal can be expressed as 
( ),   ( ) 0
( )
0,   ( ) 0.
c







To recover the data, the DHT is imposed on the time domain clipped signal to retrieve the data 
sequence in the frequency domain expressed as 
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Equation (2.14) can be split into two parts based on the sign of h(n) to give the following 
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By letting Hc(k) to be the k
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Substituting (2.16) in (2.15), then H(k) can be expressed as  
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( ) 0
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By rearranging (2.17), Hc(k) can be written as 
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1 2

















( ) ( )cH k N k= + ,                                                     (2.18)                                                                                             
where ( )cN k represents clipping noise component of the kth subcarrier. From equation (2.18), 
( )cN k can now be expressed as 
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Applying the antisymmetric property derived in (2.13) to expression (2.19) leads to 
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in the second term of 2.20 gives the following expression, 
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It should be noted that 
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So, when  k is odd, ( 1) 1
k− = − , applying this constraint in (2.22) gives 
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Substituting (2.23) into (2.18) gives  
( ) ( ) ( )c cH k H k H k= −  
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When  k is even, ( 1) 1
k− = , substituting this constraint in (2.22) gives 
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The results in (2.24) and (2.25) can be generalised by 
( )
,    
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                                                           (2.26) 
Results in (2.26) show that the clipping noise ( )cN k falls on even subcarriers and only odd 
subcarriers gets to be modulated to retrieve the data. Furthermore, the retrieved data symbols 
have half the amplitude of the original value. 
2.7. Noise in PLC and VLC networks 
 
One of the key objectives of this dissertation is to investigate the performance of the proposed 
hybrid PLC-VLC system when the channel is corrupted with various types of noise under 
different scenarios. According to authors of [71], the power line channels suffers from severe 
disturbances such as impulsive noise, AWGN and Narrow-band interference (NBI), which 
present a huge challenge in data transmission. On the other hand, the VLC channel is mainly 
affected by AWGN from ambient radiation which degrade the system performance. 
2.7.1. Added white gaussian noise 
 
AWGN is the most commonly used noise model in wireless systems to imitate the impairments 
presented by the environment in which a communication system is situated. 
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Added:  the noise gets ‘added’ to the information signal [72]. 
White:  noise components are regarded to have the same power at different frequencies [72]. 
Gaussian:  the noise signal exhibits the Gaussian distribution function (normal distribution in                  
…………. time domain with a mean value = 0) [72]. 
The main source of AWGN in communication systems is ambient radiation, thermal and shot 
noise from electrical components like LEDs and resistors [73]. AWGN, sometimes referred to 
as background noise, is unavoidable hence it is imperative that its effects are put into 
consideration when designing communication systems. The main source of AWGN in VLC 
systems is ambient radiation (environmental light sources) whereas in PLC systems, it mainly 
originates from corona.  
2.7.2. Impulsive noise 
 
Impulsive noise is a non-Gaussian noise that has proved to be problematic in communications 
systems and degrades the system performance. Impulsive noise is characterised by 
instantaneous sharp peak pulses of short durations, mostly from the switching on and off effect 
of electrical devices [75]. These disturbances will result in an increase in the bit error rate of 
the system. Various models of impulsive noise have been proposed in literature recently. 
According to [76], impulsive noise models can be put into two categories namely, memory 
(Markov-Middleton and Markov-Gaussian) and memoryless impulsive noise models 
(Symmetric alpha-stable, Middleton Class A and Bernoulli-Gaussian). Memoryless impulsive 
noise models refer to models that do not present any information on the past occurrence of 
impulsive noise in terms of its amplitude and phase characteristics. In impulsive noise with 
memory models, the impulsive noise occurs in short bursts where the next pulses are dependent 
or related to the previously occurred events [77]. Memoryless impulsive noise models are the 
most frequently used models in studying PLC impulsive noise [78], Middleton Class A model 
in particular [79]. In this dissertation, the impulsive noise is modelled using the Middleton 
Class A which is based on the Poisson-Gaussian model, where the Poisson model is deployed 
for estimating the probability of occurrence of impulsive noise while the Gaussian models the 
impulsive noise distribution amplitude [77]. The probability density function (PDF) of 







































  = +  ,                                                        (2.29) 
which can be further simplified to 
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 = represents the Gaussian to Impulsive noise strength ratio. 
For zero-mean noise, 0 = in (2.27). 
2
n in (2.27) is the variance of the impulsive noise source. 
In (2.28) to (2.30), A  represents the probability of occurrence of impulsive. The AWGN 
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where oN  represents the noise power density, the division by 2 indicates that the noise power 













  is the variance of the impulsive noise and K is the impulsive noise strength. 
2.7.3. Narrow band interference 
 
The presence of NBI in the frequency domain of an OFDM based communication system 
results in its performance degradation hence it is imperative to combat its effects for better 
performance. NBI is sparse in nature in the frequency domain, its presents only affect 
subcarriers that it falls upon [81]. NBI is generated by broadcasting stations as well as 
interference from electrical devices that are connected to the same network to the transmitter 
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[82]. Effects of impulsive noise of the transmitted signal are more noticeable in the time domain 
and are mainly characterized by high amplitudes. Unlike impulsive noise, NBI is more 
recognizable in the frequency domain [71]. The probability of occurrence of NBI is modelled 










where   represent the mean value of frequency disturbers occurring in a certain bandwidth, 
while y is the total number of their occurrences in the observed system [71]. In a system 








where   is the probability of occurrence of NBI and 2nbi  is the NBI variance. In [71], the 
detection and mitigation of NBI is done through the clipping/nulling technique in the frequency 
domain. The NBI detector block is placed after the FFT on the receiver side where it is then 
cancelled appropriately. Let’s assume the FFT output is X(k), and a clipping threshold Ct is 
proposed to detect the presence if NBI in the system, then the resulting data samples after 
clipping NBI samples is represented by  
( ),  | ( ) |
( )




X k X k C
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When the nulling technique is utilised, where a nulling threshold of Nt is chosen, the resulting 
data samples are represented by  
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2.8. Impulsive noise mitigation techniques 
 
In order to improve the performance of a communication system, there is need to combat the 
effect of different types of noise present in the channel. In this dissertation, focus is channelled 
to the utilization of the nulling technique to mitigate the effect of impulsive noise in the 
proposed hybrid PLC-VLC system. Authors of [83] compared the efficiency of utilizing the 
nulling technique to the clipping technique to mitigate impulsive noise in a DMT based hybrid 
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PLC-VLC system. Both the nulling and clipping technique fundamentals of operation are 
centred on the amplitude of the impulsive noise. Impulsive noise normally has much higher 
amplitude than the amplitude of AWGN and data carrying samples. In the clipping technique, 
the symbols affected are detected by a clipping threshold of amplitude Tc and clips these 
samples to Tc. In systems based on ACO/DCO-OFDM, the negative data symbols corrupted by 
impulsive noise are exempted from clipping. In ACO-OFDM systems, negative nulling clips 
the negative symbols to zero while in DCO-OFDM systems, the negative samples are shifted 
to be positive by a DC bias. In this dissertation, the modified-nulling/clipping technique is used 
where only positive data symbols affected by impulsive noise are considered for nulling or 
clipping through these techniques, the negative samples will be taken care of by DC biasing or 
ACO negative nulling. Assume the following setup in Figure 2.11 of a signal s(n) corrupted 
with AWGN, Ng(n), and impulsive noise, NI(n).  
 
Figure 2. 14 Noise mitigation techniques [83]. 
In reference to Figure 2.11, the conventional clipping technique expression is given in [84] as 
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The Modified clipping technique is represented by the expression 
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where z(n) represent the noisy signal and Tc is the clipping nulling threshold. The modified 
nulling technique exploited in this work, detects positive data symbols corrupted with 
impulsive noise using an optimum nulling threshold Tn. All data symbols with amplitude higher 
than Tn are clipped to zero, meaning, all positive data symbols affected by impulsive noise are 
clipped to zero. According to [85], the conventional nulling technique is expressed as 
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Just like in the clipping technique, the negative samples will be taken care of by DC biasing or 
ACO negatively nulling in our proposed work. 
2.9. Chapter summary 
 
This chapter focused on the literature review that is related to the proposed work in this 
dissertation. Different forms of already existing hybrid PLC-VLC systems were covered, and 
we were able to identify research gaps that will be addressed in this dissertation. In addition, 
different types of noise were used to corrupt the information signal, our work will focus more 
on a channel corrupted by AWGN and impulsive noise. Several methods to mitigate impulsive 














3.DCO-OFDM hybrid PLC-VLC system based on the Hartley 
transform 
 
3.1. Introduction  
 
DMT optical OFDM systems utilise the IFFT and FFT for modulation and demodulation at the 
transmitter and receiver, respectively. However, the use of the Fourier transform leads to 
complex computations due to the involvement of complex terms. In addition, the forward and 
reverse Fourier transforms are not identical, thus, different hardware is used for the 
implementation of the transmitter and receiver. Authors in [14] proposed a DHT based optical 
system in which the need of the Hermitian symmetry is discarded. The Hartley transform 
simplifies the system design and offers faster computations since there is no involvement of 
complex terms. The forward and reverse transforms of the Hartley transform are identical; thus, 
the transmitter and the receiver can be implemented using the same hardware thereby reducing 
implementation costs. 
In this chapter, a DCO-OFDM hybrid PLC-VLC system based on the Hartley transform in a 
channel corrupted with impulsive noise and AWGN is proposed. In this regard, the input data 
is constrained to be real-valued, thus, the BPSK scheme is used to map data to individual 
subcarriers. By utilizing the Hartley transform, the need of the Hermitian symmetry is 
discarded since the Hartley transform is a real-valued transform that input and output real-
valued data. The transmitted data samples is required to be real-valued since data samples in 
the VLC channel is modulated based on the intensity of the data samples, which cannot be 
complex, utilizing the Hartley transform addresses this issue. Moreover, the transmitted data 
samples must be positive, where the DC biasing technique is utilised to shift the negative 
samples to be positive.   
The effect of DC biasing on the system performance is investigated by analyzing the BER for 
different DC bias values applied. The modified nulling technique is considered to combat the 
effect of impulsive noise on the system performance. Different parameters such as the nulling 
threshold, impulsive noise strength and impulsive noise probability will be varied in order to 
determine the optimum values under which the proposed system performs best. 
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Figure 3.1 shows the block diagram of the proposed DCO-OFDM hybrid PLC-VLC system 
based on the Hartley transform. From this point in this dissertation, the DCO-OFDM hybrid 
PLC-VLC system based on the Hartley transform will be referred to as the DCO hybrid PLC-
VLC system for ease of reference.  
 
Figure 3. 1 Block diagram of the DCO hybrid PLC-VLC system. 
3.2. Signal analysis in DCO hybrid PLC-VLC system 
 
To ensure that the IDHT output is real-valued, its input signal should be real-valued. Thus, the 
BPSK mapping scheme is imposed on data D to ensure that the data sequence B(k) is real-
valued. For a sequence of N data symbols, the bipolar frequency domain signal 
0 1 2 1( ) [ ( ), ( ), ( ),..., ( )]NB k B k B k B k B k−= . The signal B(k) is passed through a serial to parallel 
converter then transmitted to the IDHT block for modulation to give a time domain signal 
0 1 2 1( ) [ ( ), ( ), ( ),..., ( )]Nb n b n b n b n b n−= . Figures 3.2 and 3.3 shows the real valued IDHT data 
output and imaginary output symbols, respectively, for a data sequence of size N = 64.  
 




Figure 3. 3 IDHT output (imaginary data). 
Since the transmitted data is constrained to be real-valued, all imaginary IDHT outputs are 
nulled as represented by Figure 3.3. Due to the utilization of the Hartley transform, the signal 
( )b n  is constrained to be real-valued in nature. The time domain signal b(n) is converted back 
to serial form, a cyclic prefix added to it to reduce ISI, and then converted from a digital to 
analogue signal. The signal ( )b n  is then transmitted to the PLC channel where it is corrupted 
with background noise modelled as AWGN (Ng(n)) and impulsive noise (Ni(n)). The addition 
of AWGN and impulsive noise changes the amplitudes of the information signal. The signal 
noisy signal ( )c n  can be represented by the expression  
            ( ) ( ) ( ) ( )g ic n b n N n N n= + + .              (3.1) 
Figure 3.4 shows a sequence of data samples affected with impulsive noise. Normally, the 
samples affected with impulsive noise have very high amplitudes than the rest of the data 
samples. 
 
Figure 3. 4 Data samples corrupted with AWGN and impulsive noise. 
33 
 
The samples affected with impulsive noise are detected by a certain nulling threshold Tn, and 
clipped to zero. For demonstration purposes, a nulling threshold of Tn = 3.5 is set in Figure 3.4 
to determine the data samples affected with impulsive noise. 
The noisy signal ( )c n  must be processed before transmitting it to the VLC channel to combat 
the effect of impulsive noise. The input signal to the VLC channel must be real-valued and 
positive. The modified nulling technique is imposed on the signal ( )c n  to combat the effects 
of impulsive noise. Impulsive noise utilised in this dissertation is modelled as Middleton Class 
A noise, with variance  






 = ,                                      (3.2) 
where 1/Gamma and P  represent the impulsive noise strength and its probability of 
occurrence, respectively. 
2
g  is the variance of background noise modelled as AWGN, which 
is expressed as  





 = ,                                                 (3.3) 
where xN  is the noise spectral density of the background noise.  
3.2.1. Modified nulling technique 
 
The addition of impulsive noise to the signal ( )c n  results in sharp peaks in some data samples 
which results in signal degradation. The affected samples are usually characterised by very 
high amplitudes compared to the unaffected data samples. The modified nulling technique 
detects the data samples affected by impulsive noise and clips them to zero. An optimum 
nulling threshold Tn is chosen to distinguish the samples affected and not affected by impulsive 
noise. The modified nulling technique is defined by  
          
( ),    ( )
( )
0,   ( ) .
n
n
c n for c n T
e n




                                             (3.4) 
According to the modified nulling technique, only positive data samples above the nulling 
threshold Tn are clipped to zero. In Figure 3.5, the nulling threshold is set at Tn = 3.5, meaning, 
all the data samples on the positive side with an amplitude greater than Tn = 3.5, are regarded 
as affected by impulsive noise and are clipped to zero. It can be observed from Figure 3.4 that 
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there are two data symbols indicated, that have an amplitude greater than Tn = 3.5, therefore, 
these data samples are nulled as shown in Figure 3.5. 
 
Figure 3. 5 Data samples after nulling. 
The negative samples are not clipped by the modified nulling technique as they will be taken 
care of by a special feature in the DCO-OFDM modulation technique. The resulting signal is 
passed to the DCO-OFDM block where negative data samples are shifted to be positive as 
required by the VLC channel. 
3.2.2. DCO-OFDM   
 
To generate a positive OFDM signal from ( )e n , a DC bias is added to shift the negative 
samples in Figure 3.5 to be positive. Biasing a signal with a very high DC bias value results in 
all negative samples being shifted to positive, however, this results in very high levels of signal 
distortion and increases the power required by the system which is not ideal. On the contrary, 
low levels of DC bias will leave almost all the negative data samples on the negative side, and 
gets clipped to zero, introducing clipping noise into the system. Therefore, an optimum DC 
bias is required to ensure maximum performance of the system, and is represented by 
    
2
dcB  = ,              (3.5) 
where   represents the clipping factor and 2  represent the variance of ( )b n . The addition of 
the DC bias to a signal offsets the signal level to a DC level given by 
2
1010log ( 1) DC dB= + .                                                     (3.6) 
In reference to the block diagram in Figure 3.1, adding a DC bias to the signal ( )e n  produces 
a signal ( )f n , represented by 
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( ) ( ) dcf n e n B= + .                                                                 (3.7) 
Figure 3.6 illustrate the effect of adding a DC bias to the data samples. The addition of DC bias 
shifts almost all negative data to be positive except a few. 
 
Figure 3. 6 Data samples after DC biasing. 
 
It should be noted that the addition of an optimum DC bias values will not shift all negative 
symbols to be positive, some symbols will remain negative and this means the signal cannot 
be transmitted to the VLC channel yet. Thus, all the remaining negative samples are clipped to 
zero, resulting to clipping noise ( ( )c dcN B ). Signal ( )f n  with clipping noise is expressed as 
( ) ( ) ( )dc c dcf n e n B N B= + + .                                      (3.8) 
Figure 3.7 shows the data samples after clipping the remaining negative samples to zero. The 
nulled data samples are indicated by red marks. 
 




If the DC bias value applied to the signal ( )e n is increased, the clipping noise approaches zero. 
Thus, at high DC bias level, expression (3.9) can reduced to (3.8). After nulling the remaining 
negative samples, all data symbols are unipolar, and can be transmitted to the VLC channel. At 
the VLC channel, the unipolar OFDM signal is further corrupted with background noise, which 
can be thought of as other sources of light in the surrounding environment, to give a signal  
^
( ) ( ) ( )gb n f n N n= + ,                                                             (3.9) 
where 
^
( )b n  is the noisy version of the original signal ( )b n . The unipolar signal 
^
( )b n  is passed 
through an analogue to digital converter, the cyclic prefix removed  and then the data gets 
converted from parallel to serial, and sent to the DHT block where it gets demodulated and 
reconverted back to serial form, and then de-mapped to retrieve the original signal. 
3.2.3. Simulation results and analysis   
 
In this subsection, the factors affecting the performance of the proposed DCO hybrid PLC-
VLC system in impulsive noise are investigated. In the simulations, certain parameters are 
varied up until the best combination of parameters to give the best performance is achieved. 
The following parameters are used in the simulations in this chapter;  
DC  – DC bias level to shift negative samples to be positive, its expression is indicated in (3.6). 
nT  – Nulling threshold to determine samples affected by impulsive noise and null them. 
W = 1/Gamma – Impulsive noise strength. 
 P  – Probability of occurrence of impulsive noise. 
Work in [9] suggested the best combination of the above-mentioned parameters for a Fourier 
transform hybrid PLC-VLC system based on DCO-OFDM in impulsive noise. The suggested 
values are tested through a series of simulations, and it was found that these values are not 
compatible with the proposed DHT based PL-VLC system in impulsive noise. Therefore, the 
next subsection is dedicated to determining the best parameters for the proposed system and 





Effect of DC biasing on system performance 
 
Simulations started off with a nulling threshold of Tn = 3.5 because it was determined prior 
through several simulations to be the optimum value to give the proposed system its best 
performance in the presence of impulsive noise and AWGN. In the following simulations, the 
DC bias will be varied from 2 to 10dB to determine the best biasing level for the system. In 
addition, the Impulsive noise strength (W ) and the impulsive noise probability ( P ) shall be 
varied in order to get the best combination of DC and Tn to give the best results based on the 
BER curves. For all simulations, a DHT size of N = 1024 is chosen and BPSK is utilised to 
map the individual subcarriers. Throughout the simulations, the curve labelled “TheoryBer” 
represents the ideal performance of the system in the absence of impulsive noise. The curve 
labelled “No DC Biasing” represent the noisy signal performance without DC biasing. The 
“Eb/No” on the x-axis of the Figures represents the SNR of the signal. Figure 3.8 illustrates the 
BER performance of the DCO hybrid PLC-VLC system in impulsive noise. 
 
Figure 3. 8 BER performance of the DCO hybrid PLC-VLC system                                      




The effect of DC biasing to the system performance is investigated in Figure 3.8. The nulling 
threshold is set at Tn = 3.5, the impulsive noise strength fixed at W = 10 and the impulsive noise 
probability set at P = 0.1. Tn, W and P are all held constant while the DC bias is varied from 2 
to 10dB. It is evident from Figure 3.8 that applying a DC bias to the OFDM signal improves 
the system performance. The ‘No DC Biasing’ curve where no DC bias is applied to the signal 
has the worst performance. This is because when no DC bias is added to the signal, all the 
negative samples are clipped to zero thereby introducing high levels of signal distortions as 
well as clipping noise. As the DC bias is increased, the performance of the system improves 
up to a certain point, further increase in the DC bias leads to poor system performance again. 
From Figure 3.8, it can be observed that the best DC bias is 4dB. Anything above 4dB starts to 
deteriorate the system performance.  
In Figure 3.9, the effect of DC biasing on the DCO hybrid PLC-VLC system is investigated 
but this time in a channel with low impulsive noise probability, i.e., the probability of 
occurrence of impulsive noise is set lower at P = 0.01. 
 
Figure 3. 9 BER performance of the DCO hybrid PLC-VLC system,                                      




In Figure 3.9, Tn = 3.5, W = 10 and P = 0.01 are all kept constant while the DC bias level is 
varied from 2 to 10dB just like in Figure 3.8. As expected, the performance of the signal with 
no DC biasing resulted in the worst performance with an error floor. At lower DC biasing 
values, the signal presents an error floor at high SNR. As the DC bias is increased to 4dB, the 
performance also improves. Figure 3.9 shows that the optimum DC biasing level is 6dB. After 
the 6dB bias level, the performance of the system starts to degrade. Figure 3.9 has much better 
performance than Figure 3.8 because the impulsive noise probability is lowered from P = 0.1 
to P = 0.01 in Figure 3.9. This entails that the system performance is dependent on P, the lower 
impulsive probability applied, the better the system performance. 
 Simulations in Figures 3.10 and 3.11 are similar to Figures 3.8 and 3.9, respectively, but this 
time around the impulsive noise strength is set at W =100. In Figure 3.10, the simulation 
parameters are set at Tn = 3.5, P = 0.1, W = 100 and the DC bias level is varied from 2 to 10dB. 
In reference to Figure 3.10, the best DC bias is 4dB just like the results obtained from Figure 
3.8 where the probability of occurrence of impulsive noise was set at P = 0.1. Results in Figure 
3.10 agree with results obtained in Figure 3.8 in that, when the impulsive noise probability is 
high, i.e. at P = 0.1, the optimum DC bias level is 4dB.  
 
Figure 3. 10 BER performance of the DCO hybrid PLC-VLC system,                                         
Tn = 3.5, W = 100, P = 0.1 and DC = [2, 4, 6, 8, 10] dB. 
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In Figure 3.11, the same parameters used in Figure 3.10 are applied except that P = 0.01. The 
signal with no DC bias has the worst performance as expected. It is evident from Figure 3.11 
that the optimum DC bias is 6dB. The results in Figure 3.11 concur with results obtained from 
Figure 3.9 in that, at low P, i.e. at P = 0.01, the optimum DC bias is 6dB. 
 
Figure 3. 11 BER performance of the DCO hybrid PLC-VLC system,                                         
Tn = 3.5, W = 100, P = 0.01 and DC = [2, 4, 6, 8, 10] dB. 
 
An interesting fact can be deduced from close analysis of Figures 3.9 and 3.11. In both 
simulations, Tn = 3.5, P = 0.01, and the DC bias level is varied from 2 to 10dB. The only 
difference is the impulsive noise strength applied, W = 10 and W = 100 in Figures 3.9 and 3.11, 
respectively. These two simulations results have same performance regardless of the different 
values of impulsive noise strength applied. Simulations in Figures 3.9 and 3.11 show that at 
BER = 10-4, for DC = 6dB, the SNR is around 26dB. Thus, it can be concluded that the 
impulsive noise strength has no effect on the BER performance of the system. This is because 
when the data samples affected by impulsive noise are detected by the nulling threshold Tn, 
they are nulled, i.e., they are clipped to zero, therefore eliminating the effect of the impulsive 
noise power on the performance of the system.  
41 
 
Generalizing the results obtained across Figure 3.8 to Figure 3.11, it can be concluded that the 
performance of the system depends on the DC bias as well as the impulsive noise probability. 
From the simulations results obtained from Figure 3.8 to Figure 3.11, the combination of 
parameters to give the proposed system its best performance are Tn = 3 .5, DC = 6dB, P = 0,01 
and the impulsive noise strength can either be set at W = 10 or W =100, since its value does not 
affect the BER performance of the system.   
In simulations from Figures 3.8 to 3.11, the OFDM signal samples affected by impulsive noise 
were nulled first, to remove the samples affected by impulsive noise from the positive side, 
then biased to make the OFDM signal unipolar. Figure 3.12 investigates the effect of biasing 
the OFDM signal first then null the samples affected by impulsive noise. The best combination 
of simulation parameters obtained from simulations in Figures 3.8 to 3.11 are applied for the 
‘Null then Bias’ procedure. The DC bias is set at 6dB, nulling threshold at Tn = 3.5, P = 0.01 
and W =100. On the other hand, it was determined prior through simulations that the best 
nulling threshold for the ‘Bias then Null’ procedure is Tn = 5.5, under the same channel 
conditions as the ‘Null then Bias’. 
 
Figure 3.12  Nulling/Biasing vs Biasing/Nulling in DCO hybrid PLC-VLC 




It is clear in Figure 3.12 that the ‘Null then Bias’ procedure give the best performance when 
compared to ‘Bias then Null’ procedure. The explanation to these results is simple; if the 
OFDM signal is biased first before nulling the data samples affected by impulsive noise at the 
top, the amplitude of the samples at the top is increased to an extent that when the nulling 
threshold is imposed on the OFDM signal, the data samples are recognised as affected by 
impulsive noise and then clipped to zero. Thus, clipping data samples not affected by impulsive 
noise leads to signal distortions. In addition, it should be noted that the nulling threshold 
required for the ‘Bias then Null’ procedure is higher than its counterpart to accommodate the 
high amplitudes introduced by biasing the signal before nulling the samples affected by 
impulsive noise.  
Effect of Nulling on the system performance 
 
To combat the effect of impulsive noise in the DHT based PLC-VLC system, the modified 
nulling technique is imposed on the OFDM signal. The modified nulling method identifies the 
data samples affected by impulsive noise via the nulling threshold Tn. All positive samples with 
amplitude greater than the optimum nulling threshold Tn are clipped to zero. The following 
simulations investigate the effect of the nulling threshold value applied to mitigate impulsive 
noise under various channel conditions. 
In the following simulations, the DC bias is set at DC = 6dB since it was determined in the 
previous simulations to be the optimum DC bias value for the system. Figure 3.13 shows the 
BER performance of the DCO hybrid PLC-VLC system to determine the optimum nulling 
threshold compatible with our system. The impulsive noise probability is set at P = 0.1 while 
the impulsive noise strength is set at W = 10. To determine the optimum nulling threshold 
compatible with the system, Tn is varied from 1.5 to 5.5. 
Results in Figure 3.13 show that the best nulling threshold is Tn = 3.5. When a low nulling 
threshold is imposed on the OFDM data, it clips data samples that are not affected by impulsive 
noise since Tn is too low, thus, it fails to distinguish between data samples affected by impulsive 
noise and those not affected, which leads to signal distortion. As the nulling threshold increased 
past the optimum value of Tn = 3.5, the system performance starts to degrade, thus, it is 
imperative to determine the optimum nulling threshold to give the best performance. Tn should 




Figure 3.13 BER performance of the DCO hybrid PLC-VLC system,                                   
DC = 6dB, W = 10, P = 0.1 and Tn = [1.5, 2.5, 3.5, 4.5, 5.5]. 
 
The same procedure carried out in Figure 3.13 is repeated in Figure 3.14 but this time the 
probability of occurrence of impulsive noise is lowered to P = 0.01. This scenario represent 
channel with low impulsive noise probability of occurrence, and we focus on determining the 
optimum nulling threshold under these conditions. At low nulling threshold values, data 
samples that are not affected by impulsive noise are clipped to zero since the nulling threshold 
is set at a very low amplitude, thus, introducing high levels of clipping noise that distorts the 
signal. Results in Figure 3.14 show that the optimum nulling threshold is at Tn = 3.5. As the 
nulling threshold is increased beyond the optimum nulling threshold of Tn = 3.5, the system 
performance starts to degrade because at higher nulling threshold, the system allows more 
impulsive noise into the system without clipping it to zero. At high SNR, the nulling technique 
is not effective as it can be seen in Figure 3.14 that the OFDM signal with ‘no nulling’ 
outperforms the OFDM signals whose nulling threshold are set low(Tn = 1.5 and Tn = 2.5). 
These results concur with results in [69] in that the power of the signal is proportional to the 
SNR, therefore at higher SNR, the nulling technique is rendered ineffective since the power of 




Figure 3.14 BER performance of the DHT based PLC-VLC system,                                     
DC = 6dB, W = 10, P = 0.01 and Tn = [1.5, 2.5, 3.5, 4.5, 5.5]. 
 
In Figures 3.15 and 3.16, the impulsive noise strength is fixed at W = 100 while the DC biasing 
level is also fixed DC = 6dB. In Figure 3.15, P = 0.1, which represents a channel with high 
impulsive noise probability, the optimum nulling threshold is set at Tn = 3.5. In general, a poor 
performance is obtained when the impulsive noise probability is set high. 
In Figure 3.16, the probability of occurrence of impulsive noise is set low at P = 0.01. There is 
a drastic improvement of the system performance when compared to Figure 3.15. This is 
evidence that the performance of the system is dependent on P. The lower the probability of 
occurrence of impulsive noise is in the system, the better the performance. In Figure 3.16, it is 
clear that the optimum nulling threshold of the system is Tn = 3.5 which concurs with other 




Figure 3.15 BER performance of the DCO hybrid PLC-VLC system,                                   
DC = 6dB, W = 100, P = 0.1 and Tn = [1.5, 2.5, 3.5, 4.5, 5.5]. 
 
Figure 3.16 BER performance of the DCO hybrid PLC-VLC system,                                   
DC = 6dB, W = 100, P = 0.01 and Tn = [1.5, 2.5, 3.5, 4.5, 5.5]. 
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Again, it can be observed in Figures 3.14 and 3.16 that the system performance is more 
dependent on the impulsive noise probability P, not on the impulsive noise strength W. In both 
Figures 3.14 and 3.16, for Tn = 3.5 at BER = 10
-4, the SNR is around 26 dB, even though when 
W = 10 and W = 100 in Figure 3.14 and Figure 3.16, respectively. 
Now that the best combination of the DC bias and nulling threshold of the DCO hybrid PLC-
VLC system have been determined, we can now make comparison in terms of performance 
with the FFT based DCO hybrid PLC-VLC system that was proposed in [9]. Results in [9] 
showed that the best performance of the FT based DCO hybrid PLC-VLC system when using 
the nulling technique to mitigate impulsive noise is archived when DC = 4dB, Tn = 3, W = 10 
or 100 and P = 0.01. For the DCO hybrid PLC-VLC system, we determined that the best 
combination of parameters to achieve the optimum performance are DC = 6dB, Tn = 3.5, W = 
10 or 100 and P = 0.01.  
Figure 3.17 shows a performance comparison of the DCO hybrid PLC-VLC system (DHT 
based PLC-VLC system) to the FFT based DCO hybrid PLC-VLC system. 
 
Figure 3.17 DHT based PLC-VLC system vs FFT based PLC-VLC                                  
based on DCO-OFDM. 
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From Figure 3.17, it can be concluded that the performance of the two systems is virtually the 
same as there is no notable difference in the BER vs SNR curve. Therefore, the Hartley 
transform is a perfect candidate to replace the Fourier transform in optical OFDM systems. 
Table 3.1 shows a further comparison of the DHT based PLC-VLC system to the FT based 
PLC-VLC system, both based on the DCO-OFDM scheme. 
Table 3. 1 FFT vs DHT based PLC-VLC systems based on the DCO-OFDM scheme. 
Aspect FT Based PLC-VLC System DHT Based PLC-VLC System 
Hermitian 
Symmetry 
Required  Not required  
Data carrying  
symbols 






Complex(M-QAM) Real (BPSK, M-PAM) 









3.2.4 Chapter summary 
 
From the simulation results, it is observed that the performance of the system is dependent on 
the DC biasing value applied as well as the impulsive noise probability applied. It is noted that 
there exists an optimum DC bias level to give the system its best performance. The DC bias 
value cannot be too low or too high otherwise the system performance is compromised. It has 
been highlighted how the modified nulling technique contributes to the overall performance of 
the system. The nulling threshold chosen should neither be too high nor too low otherwise it 
will allow impulsive noise into the system which degrades the system performance. Moreover, 
the size of the impulsive noise strength is rendered ineffective in the system performance since 








4.ACO-OFDM hybrid PLC-VLC system based on the Hartley 
transform 
 
4.1. Introduction  
 
In Chapter 3, the DCO-OFDM scheme was utilised to integrate the PLC-VLC system based on 
the DHT.  The DCO-OFDM scheme involved the addition of an optimum DC bias to the 
incoming OFDM signal to ensure that all data samples are positive before transmitting them to 
the VLC channel. One of the draw backs of the DCO-OFDM scheme is that it is not power 
efficient. It was shown in simulations from Chapter 3 that the performance of a system based 
on the DCO-OFDM scheme is dependent on the DC bias. The addition of a high DC bias 
increases the power required by the system whereas a lower DC bias introduces clipping noise 
into the system which degrades system performance. 
To address the problem of low power efficiency in DCO-OFDM systems, ACO-OFDM can be 
utilised to integrate the PLC and VLC technologies. ACO-OFDM systems offer high power 
efficiency since there is no DC biasing, at the expense of spectral efficiency. The ACO-OFDM 
scheme carries useful data on odd subcarriers only, the even subcarriers are used to make the 
OFDM signal unipolar. Therefore, the number of subcarriers that have useful information in 
N/2, which results in bandwidth wastage. In the DCO-OFDM based system, all N subcarriers 
are used to carry effective data. 
In this Chapter, the implementation of an ACO-OFDM hybrid PLC-VLC system based on the 
DHT in the presence of impulsive noise is presented. Authors in [10] proposed a hybrid PLC-
VLC system based on the Fourier transform. The system in [10] suffered from low spectral 
efficiency due to the utilization of the Hermitian symmetry in the system. This means that the 
subcarriers carrying useful information were limited to (N-2)/4, which is roughly 25% of the 
available bandwidth.  
In the proposed ACO-OFDM hybrid PLC-VLC system based on the Hartley transform, the 
Hermitian symmetry is not required. Therefore, the number of subcarriers carrying useful 
information is increased to N/2, i.e., 50% of the available bandwidth. Thus, the proposed 
system is more efficient in terms of bandwidth and has lower computational complexities since 
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there are no complex terms involved in the Hartley transform. Figure 4.1 shows the block 




Figure 4. 1 Block diagram of the ACO-OFDM hybrid PLC-VLC system based on the DHT. 
 
From this point in this dissertation, the ACO-OFDM hybrid PLC-VLC system based on the 
Hartley transform will be referred to as the ACO hybrid PLC-VLC system for the sake of 
referencing. 
4.2. Signal analysis of ACO hybrid PLC-VLC system 
 
Relating to Figure 4.1, the input data 0 1 2 1[ , , ,..., ]ND D D D D −=  is mapped using the BPSK 
scheme to give a frequency domain signal. Afterwards, the BPSK mapped data is further 
processed by nulling all even subcarriers since useful data is carried on odd subcarriers only. 
The resulting frequency domain signal after appending zeros on even subcarriers is represented 
by 1 3 1[0, ,0, ,...,0, ]NB D D D −= .  
The nulling of even subcarriers can be best described by the expression 
( ),     
( )
0,     .
D k if k is odd
B k





Figure 4.2 shows a sequence of data samples carrying useful data on odd subcarriers only. All 




Figure 4. 2 Data samples after nulling even subcarriers. 
 
As a result of the nulling the even subcarriers, the bandwidth efficiency of the system is reduced 
to only 50%. Signal ( )B k  is then passed through an IDHT block which converts it into a time 
domain real-valued signal represented by the vector 0 1 2 1[ , , ,..., ]Nb b b b b −= .  Figure 4.3 shows 
the IDHT real valued output samples.  
 
Figure 4. 3 IDHT real valued output. 
 
The imaginary output are all clipped to zero, similar to the output of the IDHT block in DCO-
OFDM illustrated in Figure 3.3. 
Before the data is transmitted to the PLC channel, the signal ( )b n is converted into an analogue 
form with the help of a DAC. The time domain analogue signal is then transmitted to the PLC 
channel where it is corrupted with AWGN and impulsive noise. The addition of noise to the 
signal results in a noisy signal which is represented by  
( ) ( ) ( ) ( )g ic n b n N n N n= + + ,                                              (4.1) 
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where ( )gN n  is background noise modelled as AWGN and ( )iN n  represent impulsive noise 
modelled as Middleton Class A noise. These noise models were discussed in detail in Chapter 
3, where the variance of AWGN is given by (2.31) and the variance for the impulsive noise is 
given in (2.32). Figure 4.4 illustrates the state of data samples after the addition of AWGN and 
impulsive noise. Impulsive noise affects the data samples by affecting their amplitudes. The 
affected data samples are usually characterized by very high amplitudes in comparison to the 
neighbouring data samples.  
 
Figure 4. 4 Data samples after addition of AWGN and impulse noise. 
 
4.2.1. Impulsive noise mitigation in ACO-OFDM 
 
Impulsive noise is one of the most prominent noise types in the PLC channel. Its effects limit 
the performance of a communication. To alleviate the effects of impulsive noise in the proposed 
system, we propose to apply the modified nulling technique. Impulsive noise distorts the signal 
information by affecting its amplitude. The modified nulling technique is designed against the 
background of the change in amplitude of the affected data samples. Data samples affected by 
impulsive noise are usually characterized by very high amplitudes compared to normal data 
carrying symbols. In the modified nulling technique, a nulling threshold Tn detects the positive 
data samples affected by impulsive noise and null these samples to zero. ACO-OFDM has a 
special feature that nulls all negative data samples without losing any data in the process. 
The modified nulling technique detects the positive data samples affected by impulsive noise 
and clip them to zero according to the expression 
( ),  ( )
( )
0,  ( ) .
n
n






                                                        (4.2) 
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The expression in (4.2) only nulls positive samples affected by impulsive noise. Figure 4.1(c) 
shows the data samples after nulling positive data samples with impulsive noise. 
 
Figure 4. 5 Data after nulling positive samples affected by impulsive noise. 
 
To ensure that no impulsive noise gets into the system, ACO negative nulling nulls all negative 
samples without losing any data and then transmit the unipolar OFDM signal to the VLC 
channel. ACO negative nulling is imposed on the bipolar OFDM signal ( )e n  and results to a 
unipolar ACO-OFDM signal represented by  
( ),  e( ) 0
( )









                                                            (4.3) 
Figure 4.6 shows the data samples after clipping all negative data samples as defined by the 
expression in (4.3). The clipped samples are marked in red. 
 




The expression in (4.3) represents the real-valued unipolar signal OFDM signal that is ready to 
be transmitted to the VLC channel since it meets all the requirements of the VLC channel. In 
the VLC channel, the ACO-OFDM signal is further corrupted with AWGN to produce a signal 
represented by  
^
( ) ( ) ( )ACO OFDM gb n e n N n−= + .                                                 (4.4) 
The unipolar signal 
^
( )b n  is passed through an analogue to digital converter, the cyclic prefix 
removed  and then the data gets converted from parallel to serial, and sent to the DHT block 
where it gets demodulated to get the signal 
^
( )B k  and reconverted back to serial form, and then 
de-mapped to retrieve the sent signal. 
4.2.2. Simulation results and analysis   
 
In this subsection, we will run simulations to determine the best combination of parameters to 
give the ACO based PLC-VLC system its best performance. Similar to simulations in Chapter 
3, a DHT of size N = 1024 is used as well as the BPSK scheme to modulate individual 
subcarriers. The parameters involved in the simulations in this section are as follows 
Tn– Nulling threshold to determine samples affected by impulsive noise and null them. 
W  – Impulsive noise strength. 
 P  – Probability of occurrence of impulsive noise. 
These parameters will be varied in the simulations up until the best set of parameters are 
obtained. Throughout the simulations in this section, the ‘No Nulling’ BER curve is used as a 
reference to check the effectiveness of the modified nulling technique (4.2). The ‘TheoryBer’ 
curve represents the ideal performance of the system in the absence of impulsive noise. 
In Figure 4.7, the impulsive noise strength is set at W = 10 while the impulsive noise probability 
is fixed at P = 0.1. The nulling threshold is varied from Tn = 2 to 5 to determine the best value 
for the system. The results obtained from Figure 4.7 show that at low SNR, a nulling threshold 
of Tn = 2 gives the best performance. At higher SNR, Tn = 3 gives a better performance. At a 
BER of 10-4, for a range of nulling threshold of Tn = 3 to 5 gives an SNR = 29dB. It is also 
important to note that the ‘No Nulling’ curve has an SNR of 29dB at BER of 10-4. This shows 
that at high SNR, the nulling of impulsive noise is ineffective, it does not have any impact in 
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mitigating impulsive noise. This is because at high SNR, the signal power is high enough to 
overcome the effects of impulsive noise strength without being distorted. It is also evident that 
a threshold of Tn = 1 causes a floor error, the performance gets worse than the performance in 
which impulsive noise is not nulled at all. This is because a low nulling threshold nulls samples 
affected by impulsive noise as well as the data samples not affected, due to its low amplitude, 
the low nulling threshold fails to distinguish data samples affected and not by impulsive noise. 
 
Figure 4. 7 BER performance of the DHT based PLC-VLC system,                                        
W = 10, P = 0.1 and Tn = [1, 2, 3, 4, 5]. 
 
Similar to simulations in Figure 4.7, in Figure 4.8, the impulsive noise probability is fixed at P 
= 0.1 while the nulling threshold is varied from Tn = 1 to 5, but this time, the impulsive strength 
is set at W = 100. Results obtained in Figure 4.8 concur with results obtained from Figure 4.7 
in that at low SNR, Tn = 2 give the better performance while at high SNR, a nulling threshold 
of Tn = 3 offers the best performance. At BER of 10
-4, Tn = 3 to 5 have an SNR of 39dB. In 
addition, at BER of 10-4, the curve for the signal in which impulsive noise is not mitigated, i.e. 
the ‘No Nulling’ curve, its SNR is also 39dB. Again, this shows that at high SNR, the nulling 
of impulsive noise is not effective for the same reasons mentioned earlier. Applying a low 
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nulling threshold clips both the ‘clean’ data samples as well as the samples affected with 
impulsive noise, thus, introducing clipping noise into the system which degrades the system 
performance. 
 
Figure 4. 8 BER performance of the DHT based PLC-VLC system,                                          
W = 100, P = 0.1 and Tn = [1, 2, 3, 4, 5]. 
 
Based on simulations in results obtained from Figures 4.7 and 4.8, it is evident that the ACO 
hybrid PLC-VLC system is dependent on the nulling threshold Tn and the impulsive noise 
strength W.  
The simulations in Figures 4.9 and 4.10 illustrate the performance of ACO based PLC-VLC 
system in a channel with a low probability of impulsive noise. The impulsive noise probability 
is set at P = 0.01 while the nulling threshold is varied from Tn = 1 to 5.  
In Figure 4.9, the impulsive noise strength is set at W = 10 while the impulsive noise probability 
if fixed at P = 0.01. The system performance is monitored while the nulling threshold is varied. 
Figure 4.9 shows that the performance of the system is best when Tn = 3. A nulling threshold 
of Tn = 3 attains an SNR of approximately 20dB at a BER of 10
-4, which is 12dB more than the 
SNR of the theoretical curve because of impulsive noise. As the nulling threshold is increased 
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above Tn = 2, the system performance starts to degrade. This is because high nulling threshold 
values allow impulsive noise into the system which in turn distorts the data samples and 
degrade the system performance. A nulling threshold of Tn = 1 gave an error floor since a low 
Tn clips data samples that are not affected by impulsive noise thereby deteriorating the system 
performance. 
 
Figure 4. 9 BER performance of the DHT based PLC-VLC system,                                       
W = 10, P = 0.01 and Tn = [1, 2, 3, 4, 5]. 
 
Simulations in Figure 4.9 clearly show that the performance of the system is more dependent 
on the impulsive noise probability. In Figures 4.7 and 4.8, the impulsive noise probability was 
set at P = 0.1 while in Figure 4.9, P = 0.01. At a BER of 10-4 in Figure 4.9, the SNR at Tn = 3 
is 20dB while in Figures 4.7 and 4.8, a nulling threshold of Tn = 3 attains an SNR of 29 and 
39dB, respectively. Thus, it can be concluded that when the impulsive noise probability is 
lowered, the performance of the system also improves significantly. 
The parameters of simulations in Figure 4.10 are similar to the ones presented in Figure 4.9 
except that the impulsive noise strength is set at W = 100. The performance of the system is 
monitored while the nulling threshold is being varied and impulsive noise probability set at P 
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= 0.01. Results in Figure 4.10 suggest that the best nulling threshold is attained at Tn = 3. At a 
BER of 10-4, the curve for Tn = 3 has an SNR of 19dB. As the nulling threshold is increased 
above an optimum value of Tn = 3, the performance of the system starts to degrade. This is 
because as the Tn is increased, more impulsive noise is allowed into the system which degrades 
the system performance. 
 
Figure 4. 10 BER performance of ACO hybrid PLC-VLC system,                                          
W = 100, P = 0.01 and Tn = [1, 2, 3, 4, 5]. 
Results obtained across Figures 4.7 to 4.10 show that the ACO hybrid PLC-VLC system is 
dependent on the impulsive noise probability applied. The best performance of the system is 
achieved when the probability of impulsive noise is low. Therefore, the set of parameters to 
obtain the best performance are Tn = 3, W =100 and P = 0.01. 
Now that the best set of parameters for the ACO hybrid PLC-VLC system have been 
determined, the proposed system can now be compared to the ACO-OFDM hybrid PLC-VLC 
system based on the FFT that was proposed in [10]. According to work done in [10], the set of 
parameters that gave the best performance of the FFT based hybrid PLC-VLC system based on 
ACO-OFDM are  
Tn = 3, 
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W = 100, 
P = 0.01,      
where Tn represent the nulling threshold, W is the impulsive noise power and P is the impulsive 
noise probability.  Figure 4.11 illustrates the performance of the FFT based PLC-VLC system 
vs the DHT based PLC-VLC system, both based on the ACO-OFDM scheme.   
 
Figure 4. 11 BER performance of the DHT based PLC-VLC vs DHT based          
PLC-VLC system based on ACO-OFDM: W = 100, P = 0.01, TFFT = 3, TDHT = 3. 
Results in Figure 4.11 show that the ACO hybrid PLC-VLC system based on the Hartley 
transform outperforms the ACO hybrid PLC-VLC system implemented via the Fourier 
transform by a margin of 3dB. In Figure 4.11, TFFT and TDHT represents the nulling threshold 
for the FFT and the DHT system, respectively. The curve marked ‘TheoryBer’ represents the 
BER curve of BPSK in the presence of AWGN. At a BER of 10-4, the SNR for DHT based 
system and the FFT based system are 19dB and 22dB respectively. At the same BER, the 
‘TheoryBer’ curve has an SNR of about 8dB. There is a difference of 10dB between the 
‘TheoryBer’ and the DHT based PLC-VLC system while the is a difference of 13dB with the 




4.2.3. Chapter summary 
 
The work in Chapter 4 focused on the performance of the ACO hybrid PLC-VLC system in 
the presence of impulsive noise. Simulation parameters such as impulsive noise probability, 
impulsive noise strength and nulling threshold are varied during the experiments to determine 
the best set of parameters to achieve the best performance. From the simulations results, it is 
observed that the system performance is dependent on the impulsive noise strength W and the 
impulsive noise probability P. Simulations results showed that when the impulsive noise 
probability is low, there is a significant improvement in the system performance. This is 
because when the impulsive noise probability is high, there are more number of nulls that will 
occur losing many data samples in the process which reduces the system performance. Results 
obtained in this chapter also suggest that the system performance is dependent on the impulsive 
noise strength. It worth noting that when the impulsive noise strength is set low at W = 10, the 
nulling technique is effective at low SNR, however, when the impulsive noise is set high at W 
= 100, the nulling technique is not practical because the signal power is high enough to 
overpower the effects of impulsive noise. Furthermore, the simulations in this chapter reveals 
that the proposed ACO hybrid PLC-VLC system offers better performance by a margin of 3dB 
















5.DCO-OFDM vs ACO-OFDM hybrid PLC-VLC system based 
on the Hartley transform 
 
5.1. Introduction  
 
Work in Chapter 3 and Chapter 4 of this dissertation has demonstrated how the DCO-OFDM 
and ACO-OFDM modulations schemes can be utilised in the design of hybrid PLC-VLC 
system based on the DHT. In this chapter, a comparison of the DHT hybrid PLC-VLC system 
implemented via ACO-OFDM and DCO-OFDM is carried out. The comparison will be based 
on power efficiency, bandwidth efficiency and BER performances. The BPSK mapping 
scheme is used for inner modulation of individual subcarriers and a DHT of size N = 1024 is 
selected for simulations. 
5.2. DCO-OFDM vs ACO-OFDM 
 
Utilizing the Hartley transform in DCO-OFDM allows the system to carry useful data on all N 
subcarriers, therefore making use of the entirely available bandwidth. In ACO-OFDM system 
implemented via the Hartley transform, effective data is carried on odd subcarriers only. This 
technique reduces the bandwidth efficiency by approximately 50%. Thus, in terms of 
bandwidth efficiency, the DCO-OFDM system outperforms the ACO-OFDM system. 
It was mentioned in the previous chapters that the data transmitted to the VLC channel is 
constrained to be positive since light intensity cannot be negative. To ensure that the data is 
positive in the DCO-OFDM system, a DC bias is added to shift negative data samples to be 
positive. The addition of this DC bias increases the overall power required by the system, which 
decreases the power efficiency of the system. In contrast, there is no addition of a DC bias in 
ACO-OFDM systems. The negative data symbols are clipped to zero without any loss of data, 
leaving the positive data samples only. In a situation where the power is limited, the ideal 
scheme to integrate the PLC and VLC technology is ACO-OFDM.  
The BER simulations of both systems were carried out in Chapters 3 and 4. The best 
combination of simulation parameters for the DCO hybrid PLC-VLC system were determined 
in Chapter 3. Similarly, a set of parameters that gave the ACO-OFDM hybrid PLC-VLC system 
its best performance were derived in Chapter 4. Figure 5.1 shows the performance comparison 
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of the ACO-OFDM and DCO-OFDM systems implemented via the Hartley transform in the 
presence of impulsive noise. It should be observed that the parameters applied on each system 
were determined through simulations in Chapter 3 and Chapter 4.  
 
Figure 5. 1 DCO vs ACO hybrid PLC-VLC system  
From Figure 5.1, it can be observed that the ACO-OFDM based system outperforms the system 
based on DCO-OFDM. At BER = 10-4, the DCO-OFDM systems attains an SNR of 26dB while 
the ACO-OFDM systems has an SNR of 19dB, i.e. a gain of 7dB on the DCO-OFDM system. 
In addition, at BER = 10-4, the ‘TheoryBer’ curve has an SNR of 8dB, therefore there is a 
difference of 11dB between the ideal BER performance and the BER performance of the ACO-
OFDM system. This difference is because of the impulse noise introduced into the system. On 
the other hand, there is an 18dB difference between the DCO-OFDM and the ‘TheoryBer’ 
curve at BER = 10-4. This difference is much larger because of the effect of impulsive noise in 
the system as well as the DC bias used to shift negative samples to be positive.  
5.3. Nulling both negative and positive samples 
 
In the previous sections, the modified nulling technique (4.2) nulled all positive data samples 
affected by impulsive noise, while the negative corrupted samples were taken care of by DC 
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biasing in the DCO hybrid PLC-VLC system  and by ACO negative nulling in the ACO hybrid 
PLC-VLC system. The effect of nulling both the negative and positive data samples affected 
by impulsive noise is investigated in this section. The nulling of negative and positive of the 
signal say, ( ),S n affected by impulsive noise via a nulling threshold nT  can be best described 
by 
( ),   ( )
( )













where ( )nullS n  is the resulting signal after nulling both negative and positive data samples 
affected with impulsive noise. Figure 5.2 shows the performance of the ACO hybrid PLC-VLC 
system when the impulsive noise in the system is mitigated from both negative and positive 
samples via a nulling threshold nT . 
 
Figure 5. 2 Performance of the ACO hybrid PLC-VLC system after                                     
nulling positive and negative samples. 
 
As expected, it is clear from Figure 5.2 that the performance of the system with both the 
modified nulling technique and ‘nulling of both ends’ technique is identical for the ACO hybrid 
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PLC-VLC system. This is because in both techniques, all the negative data samples are clipped 
to zero due to ACO negative nulling, regardless whether they are impulsive noise corrupted or 
not. The two techniques operate in the same way to mitigate impulsive noise in positive data 
samples as well. Figure 5.3 shows the performance of the DCO hybrid PLC-VLC system when 
the impulsive noise in the system is mitigated for both positive and negative samples via a 
nulling threshold nT . 
 
Figure 5. 3 Performance of the DCO hybrid PLC-VLC system after                             
nulling negative and positive samples. 
 
Similar to the performance of the ACO hybrid PLC-VLC system, the performance of the two 
nulling techniques are almost identical in the DCO hybrid PLC-VLC system. The slight 
difference is due to the fact that, in the ‘positive and negative nulling’ technique, all the 
negative data samples that were affected by impulsive noise will be clipped to zero and then 
become positive when a DC bias is added. In contrast, in the modified technique (4.2), the 
negative data samples affected by impulsive noise are pushed to be positive due to the addition 
of a DC bias, but it should be noted that not all negative data samples affected by impulsive 
noise will be shifted to be positive. The remaining negative data samples are clipped to zero 
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thereby losing some data which ushers clipping noise into the system as demonstrated earlier 
from Figure 3.6 to Figure 3.7 in Chapter 3. 
5.4. Perfect nulling in ACO-OFDM 
 
In Chapter 3 and Chapter 4, the modified nulling technique (4.2) was used to detect and mitigate 
impulsive noise. This technique involved the detection of positive data samples only, that are 
affected by impulsive noise with the help of a nulling threshold, nT , and clip them to zero. In 
this section we analyze the performance of the ACO hybrid PLC-VLC system when perfect 
nulling is utilised to mitigate impulsive noise from the system. Perfect nulling refers to a system 
that has perfect knowledge of the location of the impulsive noise samples and nulls all the 
samples exactly where impulse noise occurred. The perfect nulling technique identifies all data 
samples (both positive and negative) affected by impulsive noise and clips them to zero. 
Figure 5.4 shows the performance of the ACO hybrid PLC-VLC system while the probability 
of impulsive is varied. 
 
Figure 5. 4 ACO-OFDM for a DHT based hybrid PLC-VLC system with perfect 
nulling, W =100, P = {0.05, 0.1. 0.2} 
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As expected, the system performs better when the probability of impulsive noise is low and 
degrades as the impulsive noise probability is increased. It can be observed that all the curves 
in Figure 5.4 have a common feature at high SNR, the performance of the system presents error 
floor at high SNR. Next, we give an analysis of the error floor seen in Figure 5.4 and obtain a 
BER expression for the error floor. 
In digital communication systems, the signal to noise is expressed as ,  /b oSNR E N=  where 
bE  is the bit energy (or symbol energy in the case of one bit per symbol) and oN  is the 
background noise power. In a system corrupted with impulsive noise, where impulsive noise 
is mitigated via the nulling technique, the SNR of the received signal takes a different form 




= ,                                                                   (5.1) 
where    IoN N pN= + ,  and bE  is the symbol energy. 
However, since at the receiver, the demodulator for ACO-OFDM decides between symbols 0 
and +1 instead of the originally transmitted -1 and +1, the symbol energy is halved into / 2.bE
In addition, nulling of impulse noise, that occurs with probability ,p  is performed at the 
receiver before demodulation. The nulling removes part of the signal energy, related to the 
probability of nulls (linked to the probability of impulse noise occurrence ),p  which is .bpE  
This equates to nulling noise .bNE pE=  Therefore the new SNR, with nulling, is given by 
 
 
The term bpE represent the energy of the nulled data symbols. As the bit energy bE increases, 






























 =                                                                             (5.3) 
The expression in (5.3) allows us to calculate the BER error floor introduced into the system 
as a result of nulling data samples affected by impulsive noise in Figure 5.4. Now we will 
compare the theoretical error floor to the simulated error floor for the ACO-OFDM system in 
Figure 5.4.  
As stated earlier, the decision behaviour of the ACO-OFDM system follows FSK since it 
decides between symbols 0 (for bit 0) and +1 (for bit 1) instead of -1 and +1, even though the 
transmitted symbols were initially -1 and +1, we end up making a decision between 0 and +1. 
From literature, the BER expression for such a modulation that decides between 0 and +1 is 
given by 
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for very high bE values.  
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 =                                                                (5.4) 
Table 5.1 shows a comparison of theoretical BER vs simulated BER at SNR = 40dB, for the 
case of perfect nulling for the ACO-OFDM system with impulsive noise. The calculated error 
floor at 40dB is approximately the same as the simulated error floor for respective impulsive 
noise probability applied. The theoretical values were calculated from the expression given in 
(5.4) while the simulated results were obtained from the graph. 
 
Table 5. 1 Theoretical BER vs Simulated BER for the ACO-OFDM hybrid PLC-VLC system. 
At SNR = 40 dB Theoretical BER 
 
Simulated BER 
P = 0.2 0.0253 0.02327 
P = 0.1 0.0016 0.001678 




The results in Table 5.1 show that the theoretical and simulated BER values are close to each, 
with negligible differences. These values verify the theoretical expression for the BER error 
floor given in (5.4). For the perfect nulling case, we only focused on ACO-OFDM instead of 
DCO-OFDM, because the DC bias in DCO-OFDM makes it difficult to obtain a BER error 
floor analytical expression. 
 
5.5. Chapter summary  
 
In this chapter, the performance of two DHT hybrid PLC-VLC systems based on the DCO-
OFDM and ACO-OFDM schemes are compared. In this work, the best set of parameters that 
give each system’s optimal performance are utilised in the simulation of the proposed 
communication models. It is found that the hybrid PLC-VLC system based on ACO-OFDM 
outperforms the DCO-OFDM system by 7dB. In addition, the ACO-OFDM system is more 
power efficient in comparison to the DCO-OFDM system at the expense of bandwidth 
efficiency. In addition, we managed to show that the theoretical error floor is approximately 
equal to the simulated values in the ACO hybrid PLC-VLC system. Next, we will give a close 
comparison of the of the ACO hybrid PLC-VLC system to the DCO hybrid PLC-VLC system 
in a tabular form. Table 5.2 shows a side by side comparison of the ACO hybrid PLC-VLC 
system to the DCO hybrid PLC-VLC system. 
Table 5. 2 DCO hybrid PLC-VLC vs ACO hybrid PLC-VLC system. 
Aspect DCO hybrid PLC-VLC system ACO hybrid PLC-VLC system 
DC biasing Required  Not required  
Data carrying  
symbols 




Power Efficiency Low High 
Modulation 
schemes 
BPSK, M-PAM BPSK, M-PAM 













This dissertation has presented on how the Hartley transform can be utilised to integrate PLC 
and VLC technologies. The results obtained in this dissertation suggest that the DHT is a 
perfect candidate to replace the FFT in the implementation of cascaded PLC-VLC systems. In 
addition, the DHT transform simplifies the overall systems design since no complex data is 
involved in the calculations. By utilizing the DHT, the need for the Hermitian symmetry is 
discarded, leading to much-improved spectral efficiency. It is worth noting that the reverse and 
forward transforms of the Hartley transform are identical, which implies that the transmitter 
and the receiver of the proposed DHT hybrid PLC-VLC system is cheaper to implement in 
comparison to the FFT based system that needs different components/units at the transmitter 
and receiver.  
In Chapter 3, a DCO hybrid PLC-VLC system based on the Hartley transform in impulse noise 
was presented. Simulation results obtained in Chapter 3 show that impulse noise is indeed 
detrimental to the system performance. To mitigate the effects of impulse noise, the modified 
nulling technique was utilised. Based on analysis of the simulation results obtained in Chapter 
3, it was deduced that the proposed system performance is dependent on the DC bias level, 
impulse noise probability as well as the nulling threshold. The proposed DCO hybrid PLC-
VLC system based on the Hartley transform is ideal for application in cases where bandwidth 
is limited, since there is no bandwidth wastage. 
Work in Chapter 4 presented an ACO hybrid PLC-VLC system based on the Hartley transform 
in impulse noise. Through simulations, we managed to define the parameters required by the 
system to produce its optimum performance. However, there is a draw back in this system, it 
wastes a lot of bandwidth since in ACO-OFDM, useful data is only carried on odd subcarriers. 
The proposed ACO-OFDM hybrid PLC-VLC system based on the DHT is most applicable in 
cases where the supply power needs to be conserved, this is because there is no biasing power 
required by this system, unlike in the DCO-OFDM based system. 
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In Chapter 5, we compared the performance of the hybrid PLC-VLC systems proposed in 
Chapters 3 and 4. The channels for both systems are all subjected to the same noise parameters 
with suitable nulling thresholds imposed on the respective OFDM signal. Simulation results in 
Chapter 5 showed that the ACO-OFDM system outperformed the DCO-OFDM system by a 
margin of 7dB. Finally, it was demonstrated in the simulations that the theoretical error floor 
in the ACO hybrid PLC-VLC system is approximately the same as the simulated error floor 
for the same system, which shows the validity of the proposed system. 
6.2. Future work and recommendation 
 
Several studies can be derived from this work for further contribution to knowledge in the field 
of telecommunications. This dissertation focused more on the theoretical implementation and 
analysis, further studies can be carried out on the practical implementation of the proposed 
hybrid PLC-VLC systems based on the Hartley transform with the help of ACO-OFDM and 
DCO-OFDM schemes.  
Furthermore, the proposed systems are simulated in a channel characterized by AWGN and 
impulse noise. Narrow-band noise is another prominent type of noise in PLC communication 
and has not been studied in our proposed work. Further studies can be carried out to determine 
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